Introduction {#sec1-1744806916674479}
============

Bladder pain syndrome/interstitial cystitis (BPS/IC) is a debilitating chronic syndrome, manifested by bladder filling-related pain and increased urinary frequency without infection or other identifiable pathology.^[@bibr1-1744806916674479]^ Notably, visceral pain is the most troubling symptom for BPS/IC patients,^[@bibr2-1744806916674479]^ and 94% of registrants in a BPS/IC database complain pain in the pelvic area.^[@bibr3-1744806916674479]^ Although several pathophysiological mechanisms have been proposed for BPS/IC, including mast cell activation, urothelial glycosaminoglycan layer defects, autoimmune disease, and neuroendocrine immune interactions,^[@bibr4-1744806916674479]^ the cause of BPS/IC-associated pain remains unclear.

In recent years, neural mechanisms have been considered as vital factors in the pathogenesis of BPS/IC-related pain. Our previous study reveals that increased transient receptor potential vanilloid 1 positive nerve fibers and enhanced expression of nerve growth factor in the bladder tissues are associated with pain scores of BPS/IC patients.^[@bibr5-1744806916674479]^ In addition, an intriguing study suggests a critical role of enhanced afferent nerve activity from the lower urinary tract in the etiology of BPS/IC.^[@bibr6-1744806916674479]^ Visceral inflammation is involved in elevated levels of neurotransmitters and increased neuronal activity in the primary afferent pathways.^[@bibr7-1744806916674479],[@bibr8-1744806916674479]^ Release of excitatory neurotransmitters at the spinal dorsal horn level induces neuronal plasticity leading to spinal central sensitization.^[@bibr9-1744806916674479]^

Several lines of evidence have shown that glial cells play an important role in the generation and maintenance of chronic pain.^[@bibr10-1744806916674479][@bibr11-1744806916674479][@bibr12-1744806916674479]--[@bibr13-1744806916674479]^ Activated glial cells produce numerous mediators such as proinflammatory cytokines that facilitate neuronal activity and synaptic plasticity.^[@bibr14-1744806916674479]^ Several studies have strongly identified spinal cord glia and proinflammatory cytokines, such as interleukin (IL)-1β and tumor necrosis factor-α, as key factors in the induction and maintenance of pathological pain.^[@bibr14-1744806916674479],[@bibr15-1744806916674479]^ IL-1β signaling may facilitate neuronal excitability via enhancing the activity of N-methyl-D-aspartate receptor (NR).^[@bibr10-1744806916674479],[@bibr16-1744806916674479]^ Previous studies show that activation of spinal NR, a glutamate receptor localized on neurons, plays a pivotal role in neuropathic pain.^[@bibr17-1744806916674479],[@bibr18-1744806916674479]^ Similarly, BPS/IC-associated pain shares many characteristics of neuropathic pain. In cats diagnosed with feline IC, Birder et al.^[@bibr19-1744806916674479]^ report that glial fibrillary acidic protein (GFAP), a astrocytic activation marker, is significantly elevated at the level of the spinal cord.^[@bibr19-1744806916674479]^ Coincidentally, a study performed at same time with us shows that acute cystitis induced by a single cyclophosphamide (CYP) injection in mice led to astrocyte activation in lumbar spinal cord, but microglial activation was sparsely observed.^[@bibr20-1744806916674479]^ But they do not explore the association between astrocytes with pain and the underlying mechanisms. To the best of our knowledge, related report on the involvement of spinal glia in BPS/IC-associated chronic pain and the underlying mechanisms are still lacking.

Systemic injection with CYP induced a reproducible dose-dependent chronic cystitis in rats, which has been used as BPS/IC models.^[@bibr16-1744806916674479],[@bibr21-1744806916674479][@bibr22-1744806916674479]--[@bibr23-1744806916674479]^ In the present study, rats received three doses of 100 mg/kg CYP via intraperitoneal (i.p.) injection on the first, third, and fifth days, in order to install a chronic cystitis.^[@bibr23-1744806916674479]^ Thereafter, L-α-aminoadipate (LAA) and minocycline were used to inactivate astrocyte and microglia, respectively, to identify their roles in the development of mechanical allodynia in CYP-induced cystitis. In addition, the underlying molecular mechanisms were detected through investigating the role of inflammatory cytokines such as IL-1β, which may released by astrocytes, in neuronal NR activation.

Material and methods {#sec2-1744806916674479}
====================

Animal and experimental design {#sec3-1744806916674479}
------------------------------

Female Sprague Dawley rats (220--260 g in weight) were obtained from the Institute of Experimental Animals of Sun Yat-Sen University. Animals were housed in separated cages at a room temperature kept at 24 ± 1℃ and 50%--60% humidity, under a 12:12 h light/dark cycle. They had access to food and water ad libitum. Experimental procedures were approved by the Animal Care Committee of Sun Yat-Sen University (No.: IACUC-2013-0805; Gunangzhou, China) and adhered to the guidelines of the Committee for Research and Ethical Issues of IASP. All efforts were made to minimize animal numbers and potential suffering.

The experimental design was as follows: First, rats were divided into naïve group, sham group, cystitis group. Pain behavior, immunostaining of GFAP or OX42/Iba1, and expression of GFAP, OX42, P-P38, IL-1β, or P-NR1 were detected at different time points (*n* = 5/group). Second, saline, LAA, minocycline, pentoxifylline, IL-1 receptor antagonist (IL-1ra), AP5, or MK-801 was injected intrathecally in sham group and cystitis group on sixth day from first CYP injection (d6). After injection, pain behavior was immediately measured (*n* = 5/group). Third, LAA was injected intrathecally in sham group and cystitis group on d6, and 1 h later, spinal cords were harvested for Western blot analysis of IL-1β (*n* = 5/group). Double-labeling immunofluorescence of IL-1β with GFAP, OX42, or NeuN was performed in the L6-S1 spinal cord sections. Fourth, LAA, pentoxifylline, or IL-1ra was injected intrathecally in cystitis group on d6, and 1 h later, the spinal cords were harvested for Western blot analysis of P-NR1 (*n* = 5/group). Double-labeling immunofluorescence of IL-1RI and P-NR1 was performed in the L6-S1 spinal cord sections.

Induction of cystitis {#sec4-1744806916674479}
---------------------

Systemic injection with CYP induced a reproducible dose-dependent cystitis in rats, which has been used as BPS/IC models.^[@bibr21-1744806916674479],[@bibr23-1744806916674479]^ Rats received three doses of 100 mg/kg CYP via intraperitoneal (i.p.) injection on the first, third, and fifth days, in order to install a chronic urinary cystitis.^[@bibr23-1744806916674479]^

Drug administration {#sec5-1744806916674479}
-------------------

Intrathecal injection (i.t.) was performed as described previously.^[@bibr24-1744806916674479]^ Sprague Dawley rats were anesthetized with 3% isoflurane for induction and maintenance. After clipping the fur on the rat lower back, the skin was sterilized with 75% alcohol. A 30-gauge needle was inserted into the L5-L6 intervertebral space. Sudden tail twist or leg kick was considered as an indicator of successful penetration of the needle tip into the vertebral canal. The drug was delivered slowly, and the needle was left in situ for more 15 s before withdrawal. The dosage of each drug used in the present study was according to the previous reports. Treatment group received intrathecal injection of LAA (100 nmol),^[@bibr25-1744806916674479]^ minocycline (100 µg),^[@bibr26-1744806916674479]^ pentoxifylline (150 nmol),^[@bibr27-1744806916674479]^ IL-1ra (100 µg),^[@bibr28-1744806916674479]^ AP5 (40 pmol),^[@bibr29-1744806916674479]^ or MK-801 (100 pmol),^[@bibr29-1744806916674479]^ while the same volume of saline was injected in control group. Each drug was dissolved in 10 µL of saline and injected intrathecally by the way of a single acute administration.

Drugs information as follows: LAA (astrocytic specific inhibitor; Sigma), minocycline (microglial specific inhibitor; Sigma), pentoxifylline (cytokine inhibitor; Polfilin, Polfarma, Poland), IL-1ra (Amgen, Thousand Oaks, CA, USA), 5-aminophosphonovaleric acid (NMDA receptor antagonist; Sigma), and (5R,10 S)-(++)- 5-methyl-10,11-dihydro-5H- dibenzo \[a,d\]cyclo-hepten-5,10- imine hydrogen maleate (MK-801, non-competitive NMDA receptor antagonist; Sigma).

Mechanical hypersensitivity {#sec6-1744806916674479}
---------------------------

The mechanical thresholds (MTs) were tested with the Von Frey monofilaments using the up-down method. Rats were placed individually in a clear plastic box with six small chambers on a metal grid floor. Rats were allowed to acclimatize to the environment for 30 min before testing. Somatic sensitivity was analyzed in the lower abdomen, known to be areas of referred pain associated with visceral pathologies.^[@bibr30-1744806916674479]^ The lower abdominal region was touched with one of a series of von Frey monofilaments (rated at 2, 4, 6, 8, 15, 26, and 60 g). Care was taken to stimulate different areas within the region to avoid desensitization. Starting at 2 g, filaments were applied perpendicularly to the abdominal region until there was bending of the filament. Sharp retraction of the abdomen and immediate licking or scratching of the stimulation area was considered a positive response. If there was no response, the next stronger filament in the sequence was tested. If a positive response was elicited, the next weaker filament was tested. The threshold requires six successive tries with different filaments for per animal.

Immunofluorescence {#sec7-1744806916674479}
------------------

The rats were anesthetized using sodium pentobarbital (50 mg/kg, i.p.) and perfused with 4% paraformaldehyde through the ascending aorta.

The L6-S1spinal cord were removed and post-fixed in the same fixative overnight and transferred to 30% sucrose overnight. Cryostat sections (14 µm) were cut and processed for immunohistochemistry using primary antibodies against GFAP (1:500, Chemicon), OX42 (1:200, Chemicon), Iba1(1:500; Abcam), NeuN (1:1000, Chemicon), IL-1β (1:300, Endogen), P-ser896 NR1 (1:500, Millipore), and IL-1RI (1:600, R&D Systems). Following incubation overnight at 4℃, the sections were incubated in Cy3-conjugated (Chemicon) and FITC-conjugated secondary antibodies (Chemicon) for 1 h at room temperature. Five rats were included in each group for immunohistochemical quantification, and five spinal cord tissue sections per animal were randomly selected for analysis. The stained sections were examined with an Olympus IX71 (Olympus Optical) fluorescence microscope, and images were captured with a CCD spot camera.

Western blot analysis {#sec8-1744806916674479}
---------------------

The dorsal quadrants of L6-S1 spinal cord were harvested and mechanically homogenized and centrifuged. The supernatant was collected and stored at −80℃. The protein concentrations were estimated using the bicinchoninic acid method. Proteins of interest were separated by SDS-PAGE electrophoresis (20 mg of total protein per well) and transferred onto nitrocellulose membranes. The membranes were placed in a blocking solution (Tris-buffered saline with 0.02% Tween and 5% non-fat dry milk powder) for 1 h and incubated overnight with mouse anti-GFAP IgG (1:500, Chemicon), mouse anti-OX42 IgG (1:200, Chemicon), mouse anti-phospho-p38 (1:500, Cell Signaling), rabbit anti- IL-1β IgG (1:300, Endogen) or rabbit anti-P-ser896 NR1 IgG (1:500, Millipore), and mouse anti-β-actin (1:1000, loading control; Sigma). After washing, the membranes were incubated in peroxidase-conjugated secondary antibody (1:10000; Santa Cruz) for 1 h. An enhanced chemiluminescence solution (Pierce, USA) was used to detect the immunocomplexes. Each band was quantified using a computer-assisted imaging analysis system (KONTRON IBAS 2.0).

Statistical analysis {#sec9-1744806916674479}
--------------------

All data were collected by experimenters blinded to the treatment protocol, and statistical analyses were done using SPSS software (version 13, USA). All data are expressed as means ± SEM. For analysis of the Western blot data, the differences between groups were compared using one-way analysis of variance followed by Fisher's protected least significant difference post hoc analysis. For behavioral analysis, the data were compared using two-way analysis of variance followed by post hoc analysis. Statistical significance was set at *p* ≤ 0.05 for all tests.

Results {#sec10-1744806916674479}
=======

Mechanical allodynia occurred in CYP-treated rats and was induced by spinal astrocytic activation {#sec11-1744806916674479}
-------------------------------------------------------------------------------------------------

Compared to Sham group (14.6 ± 1.5 g, d2), the nociceptive threshold of cystitis group significantly decreased (7.2 ± 1.1 g, *p* \< 0.05, d2), reached the lowest value on sixth day (d6) (4.5 ± 0.9 g), and thereafter maintained at low level till 20 days (7.1 ± 1.3 g, *p* \< 0.05). After 20 days, the MT in cystitis group gradually increased to the basal level (11.7 ± 1.5 g, 30 days) ([Figure 1(A)](#fig1-1744806916674479){ref-type="fig"}). The astrocytic specific toxin LAA or the microglial specific inhibitor minocycline was injected intrathecally and observed their effects on mechanical allodynia in cystitis rats (d6). LAA significantly attenuated the allodynia (*p* \< 0.001). However, minocycline failed to reverse the mechanical allodynia (*p* \> 0.05). The MT of rats in the sham group was not influenced by LAA or minocycline ([Figure 1(B)](#fig1-1744806916674479){ref-type="fig"}). Figure 1.The role of glial blockers in cyclophosphamide (CYP)-induced mechanical allodynia. (A) Compared with Sham group, the nocicepive threshold of CYP group was significantly decreased, reached the lowest value on sixth day, and thereafter maintained at low level till 20 days. After 20 days, the paw withdrawal threshold of cystitis group gradually increased to the basal level. (B) Astrocytic specific inhibitor LAA but not microglial specific inhibitor minocycline attenuated mechanical allodynia. The mechanical allodynia of the rats in the sham group was not influenced by LAA or minocycline. All data were calculated as mean ± SEM (*n* = 5/group). \**p* \< 0.05, \*\**p* \< 0.01 vs. Control group.

Using Western blot, we detected that compared to naive group (0.19 ± 0.04) and Sham group (0.18 ± 0.04), GFAP expression was significantly increased in cystitis group on fourth day (0.45 ± 0.05, *p* \< 0.05). GFAP upregulation peaked on sixth day (0.90 ± 0.12) and thereafter persisted at high level till 20 days (0.50 ± 0.12, *p* \< 0.05). After 20 days, GFAP expression gradually decreased to the basal level (0.28 ± 0.04, 30 days) ([Figure 2(A)](#fig2-1744806916674479){ref-type="fig"} and ([B](#fig2-1744806916674479){ref-type="fig"})). Thus, the time course of GFAP expression was similar to that of mechanical allodynia. Our immunostaining results indicated that compared to sham group, GFAP staining was significantly increased in the spinal cord of cystitis group (*p* \< 0.001) ([Figure 2(C)](#fig2-1744806916674479){ref-type="fig"} to ([E](#fig2-1744806916674479){ref-type="fig"})). Staining of GFAP appeared to be enhanced throughout the spinal dorsal horn. Activated astrocytes had hypertrophied cell bodies and thickened processes with enhanced GFAP-immunoreactivity ([Figure 2(F)](#fig2-1744806916674479){ref-type="fig"} and ([G](#fig2-1744806916674479){ref-type="fig"})). Scheme presenting an overview over the detected region ([Figure 2(H)](#fig2-1744806916674479){ref-type="fig"}). Figure 2.Spinal astrocyte was activated in cystitis group. (A) and (B) Western blot analysis showed that GFAP expression was significantly increased in cystitis group on fourth day and upregulation peaked on d6 and thereafter persisted at high level till 20 days. After 20 days, GFAP expression gradually decreased to the basal level. LAA downregulated the expression of GFAP in the sham group. (C) to (E) Compared to Sham group, GFAP staining was significantly increased in the spinal cord of cystitis group. (F) and (G)Activated astrocytes had hypertrophied cell bodies and thickened processes with enhanced GFAP immunoreactivity. (H) Scheme presenting an overview over the detected region. Bar = 100µm in (C) and (D) and 20 µm in (F) and (G). All data were calculated as mean ± SEM (*n* = 5/group). \**p* \< 0.05, \*\**p* \< 0.01 vs. Control group.

With regard to microglia are critical for pathological pain, our Western blot showed that the expression of microglial marker OX42 and their activated indicator P-P38 had no difference among naive group, sham group, and cystitis group at any time points from first CYP injection ([Figure 3(A)](#fig3-1744806916674479){ref-type="fig"} and ([B](#fig3-1744806916674479){ref-type="fig"})). And the immunostaining of OX42 or Ibal1 showed the similar results ([Figure 3(C)](#fig3-1744806916674479){ref-type="fig"} to ([H](#fig3-1744806916674479){ref-type="fig"})). Figure 3.Spinal microglia was not activated in cystitis group. (A) and (B) Western blot analysis showed that no significant difference in the expression of OX42 and P-P38 in spinal cord was observed among Naive group, Sham group, and CYP group through the period tested. (C) to (H) OX42-like immunoreactivity and Iba1-like immunoreactivity in spinal dorsal horn had no difference between Sham group and cystitis group (d6). Bar = 100 mm. All data were calculated as mean ± SEM (*n* = 5/group).

Spinal astrocytes dramatically increased the expression of IL-1β which is related to mechanical allodynia {#sec12-1744806916674479}
---------------------------------------------------------------------------------------------------------

Since activated glia can release cytokines and there cytokines, such as IL-1β, as key factors in the induction and maintenance of neuropathic pain,^[@bibr14-1744806916674479],[@bibr15-1744806916674479]^ so we wonder whether IL-1β contribute to the development of cystitis-induced pain. Here, our Western blot results showed that compared to Naive group (0.05 ± 0.01) and Sham group (0.055 ± 0.01), IL-1β expression was significantly increased in cystitis group on fourth day (0.19 ± 0.04, *p* \< 0.05). IL-1β upregulation reached a peak on d6 (0.44 ± 0.08), and then remained at high level till 20 days (0.19 ± 0.04, *p* \< 0.05). After 20 days, IL-1β expression gradually decreased to the basal level (0.09 ± 0.02, 30 days) ([Figure 4(A)](#fig4-1744806916674479){ref-type="fig"} and ([B](#fig4-1744806916674479){ref-type="fig"})). Thus, the time course of IL-1β expression paralleled to that of GFAP expression. In the cystitis group (d6), intrathecally administered the astrocytic specific toxin LAA significantly reversed IL-1β overexpression (*p* \< 0.001; [Figure 4(A)](#fig4-1744806916674479){ref-type="fig"}). Additionally, our double immunofluorescent staining showed that IL-1β-immunoreactivity was only localized in GFAP-immunopositive cells but not in NeuN- immunopositive cells or OX42-immunopositive cells ([Figure 5(A)](#fig5-1744806916674479){ref-type="fig"} to ([I](#fig5-1744806916674479){ref-type="fig"})) Figure 4.The expression of IL-1β in different group. Western blot results showed that compared to Naive group and Sham group, IL-1β expression was significantly increased in cystitis group on fourth day and reached a peak on d6 and then remained at high level till 20 days. After 20 days, IL-1β expression gradually decreased to the basal level. In the cystitis group (d6), intrathecally administered the astrocytic specific toxin LAA significantly reversed IL-1β overexpression. LAA did not affect the expression of IL-1β in the sham group. All data were calculated as mean ± SEM (*n* = 5/group). \**p* \< 0.05, \*\**p* \< 0.01 vs. Control group. \#*p* \< 0.01 vs. Cystitis group (d6). Figure 5.The cellular location of IL-1β in spinal cord. Double immunofluorescent staining showed that IL-1β- immunoreactivity was only localized in GFAP immunopositive cells (A) to (C) but not in OX42-immunopositive cells (D) to (F) or NeuN-immunopositive cells (G) to (I) in the cystitis group (d6). Bar = 100 mm.

In the cystitis group (d6), we injected intrathecally pentoxifylline (cytokine inhibitor) or IL-1ra and observed their effects on mechanical allodynia. Both pentoxifylline and IL-1ra significantly attenuated the allodynia (all *p* \< 0.001; [Figure 6](#fig6-1744806916674479){ref-type="fig"}). Figure 6.The role of IL-1β in cystitis associated pain. In the cystitis group (d6), we injected intrathecally pentoxifylline (cytokine inhibitor) or IL-1ra (interleukin-1 receptor antagonist) and observed their effects on mechanical allodynia. Both pentoxifylline and IL-1ra significantly attenuated the allodynia. All data were calculated as mean ± SEM (*n* = 5/group). \**p* \< 0.05, \*\**p* \< 0.01 vs. Control group.

IL-1β released from astrocyte induced NMDA receptor phosphorylation in spinal dorsal horn neurons {#sec13-1744806916674479}
-------------------------------------------------------------------------------------------------

Since several studies showed that spinal NR activation is prominently involved in the neuropathic pain,^[@bibr17-1744806916674479],[@bibr18-1744806916674479]^ and IL-1β signaling may facilitate NR phosphorylation to enhance neuronal activity and induce pain,^[@bibr10-1744806916674479],[@bibr31-1744806916674479]^ so we wonder whether IL-1β contribute to the cystitis-induced pain through facilitating NR phosphorylation. Here, our Western blot analysis showed that compared to naive group (0.05 ± 0.015) and sham group (0.06 ± 0.017), P-NR1 expression was significantly increased in cystitis group on fourth day (0.25 ± 0.04, *p* \< 0.05). P-NR1 upregulation reached a peak on d6 (0.78 ± 0.10). And thereafter, P-NR1 expression maintained at high level. Thus, the changing course of the level of P-NR1 was similar to that of IL-1β or GFAP. In the cystitis group (d6), intrathecally administered astrocytic specific toxin LAA, pentoxifylline (cytokine inhibitor), or IL-1ra significantly reversed the overexpression of P-NR1 (all *p* \< 0.001; [Figure 7(A)](#fig7-1744806916674479){ref-type="fig"} and ([B](#fig7-1744806916674479){ref-type="fig"})). Our double immunofluorescent staining of spinal cord showed that P-NR1- immunoreactivity and IL-1RI-immunoreactivity were totally co-localized, and the percentages of IL-1RI and P-NR1 positive cells in spinal cord dorsal horn of cystitis group were significantly higher than that in the sham group ([Figure 7(C)](#fig7-1744806916674479){ref-type="fig"} to ([J](#fig7-1744806916674479){ref-type="fig"})). Figure 7.The expression and cellular location of P-NR1 in spinal cord. (A) and (B) Western blot analysis showed that compared to naive group and sham group, P-NR1 expression was significantly increased in cystitis group on fourth day and reached a peak on d6. And thereafter, P-NR1 expression maintained at high level. In the cystitis group (d6), intrathecally administered astrocytic specific toxin LAA, pentoxifylline (cytokine inhibitor), or IL-1ra (interleukin-1 receptor antagonist) significantly reversed the overexpression of P-NR1. (C) to (J) Double immunofluorescent staining of spinal cord showed that P-NR1-immunoreactivity and IL-1RIimmunoreactivity were totally co-localized, and the percentages of IL-1RI and P-NR1 positive cells in spinal cord dorsal horn of cystitis group were significant higher than that in sham group. Bar = 20µm in (C) to (E) and (G) to (I). All data were calculated as mean ± SEM (*n* = 5/group). \**p* \< 0.05, \*\**p* \< 0.01 vs. Control group, \#*p* \< 0.01 vs. Cystitis group (d6).

In the cystitis group (d6), we injected intrathecally AP5 (NR antagonist) or MK-801 (non-competitive NR antagonist) and observed their effects on mechanical allodynia. We found that both AP5 and MK-801 significantly attenuated the allodynia (all *p* \< 0.001; [Figure 8](#fig8-1744806916674479){ref-type="fig"}). Figure 8.The role of NR in cystitis associated pain. In the cystitis group (d6), we injected intrathecally AP5 (NR antagonist) or MK-801 (non-competitive NR antagonist) and observed their effects on mechanical allodynia. We found that both AP5 and MK-801 significantly attenuated the allodynia. All data were calculated as mean ± SEM (*n* = 5/group). \**p* \< 0.05, \*\**p* \< 0.01 vs. Control group.

Discussion {#sec14-1744806916674479}
==========

In the present study, we found that GFAP (astrocytic activation marker) rather than OX42/Iba1(microglial activation marker) or their activated indicator P-P38 was significantly increased in the spinal cord of CYP-induced cystitis rats. LAA (astrocytic specific inhibitor) but not minocycline (microglial specific inhibitor) significantly attenuated the cystitis-associated allodynia. Furthermore, we found that spinal IL-1β expression was dramatically increased in CYP-induced cystitis compared to control rats, and LAA could reverse its overexpression. Activated astrocytes were the only source of IL-1β release that contributed to mechanical allodynia. Besides, we found that spinal P-NR1 was significantly increased in cystitis group, and LAA, pentoxifylline, or IL-1ra significantly reversed its overexpression. P-NR1-immunoreactivity neurons and IL-1RI- immunoreactivity neurons were almost co-localized, and the percentages of IL-1RI and P-NR1 positive cells in spinal cord dorsal horn of cystitis group were significant higher than that in the sham group. In addition, NR antagonist such as AP5 or MK-801 significantly attenuated the cystitis-induced pain. The time course of the P-NR1 expression paralleled to that of IL-1β or GFAP. Taken together, our results indicated that astrocytic activation but not microglial activation contributed to allodynia in CYP-induced cystitis, and IL-1β released from astrocytes might bind to its endogenous receptor on the neurons inducing to the phosphorylation of NR1 subunit, leading to enhanced sensory neuronal excitability and pathological pain.

CYP-induced urinary bladder inflammation is a well-established experimental model for BPS.^[@bibr16-1744806916674479],[@bibr21-1744806916674479][@bibr22-1744806916674479]--[@bibr23-1744806916674479]^ And this model has the potential to be a useful tool to examine the complex and poorly understood mechanisms of pain in BPS/IC patients.^[@bibr32-1744806916674479]^ For animal model, direct measurement of bladder pain is still difficult. Bon et al.^[@bibr33-1744806916674479]^ report that visceral inflammation was accompanied by increased sensitivity of somatic structures to noxious stimuli, and the somatic hyperalgesia was used as a surrogate measurement for visceral pain in experimental cystitis. In this study, we evaluated bladder pain in CYP-induced cystitis through measuring MT of low abdomen.

Several previous studies have reported that central sensitization is involved in development of cystitis-associated pain. Visceral inflammation is involved in elevated levels of neurotransmitters and increased neuronal activity in the primary afferent pathways.^[@bibr7-1744806916674479],[@bibr8-1744806916674479]^ Release of excitatory neurotransmitters at the spinal dorsal horn level induces neuronal plasticity leading to spinal central sensitization.^[@bibr9-1744806916674479]^ Additionally, Fos protein, a marker of neural activation, was increased at the spinal cord after noxious irritation of acetic acid or CYP.^[@bibr34-1744806916674479],[@bibr35-1744806916674479]^ Nociceptive information from the urinary bladder is transmitted to second-order neurons in the spinal cord dorsal horn by sensory neurons in the lumbosacral DRG, leading to central hyperexcitability.^[@bibr36-1744806916674479]^ Therefore, it was hypothesized that the central sensitization may be one of mechanisms for cystitis-induced pain.

Glial cells in central nervous system are now considered as important regulators of synaptic activity.^[@bibr37-1744806916674479]^ Recent studies have strongly supported that spinal cord glia (including astrocytes and microglia) and proinflammatory cytokines, such as IL-1β, are involved in the induction and maintenance of neuropathic pain.^[@bibr11-1744806916674479][@bibr12-1744806916674479]--[@bibr13-1744806916674479],[@bibr15-1744806916674479]^ LAA is a specific astrocytic inhibitor,^[@bibr38-1744806916674479]^ and minocycline is a specific microglial inhibitor.^[@bibr39-1744806916674479]^ Several reports indicate that intraperitoneal or intrathecal administration of minocycline could relieve neuropathic pain induced by nerve injury^[@bibr40-1744806916674479],[@bibr41-1744806916674479]^ or peripheral inflammation.^[@bibr42-1744806916674479]^ Similarly, several studies reported that LAA produces dose-dependent inhibition of nerve injury-induced mechanical allodynia^[@bibr43-1744806916674479],[@bibr44-1744806916674479]^ and chronic pancreatitis-induced pain.^[@bibr25-1744806916674479]^ To identify which subtype of glial cell (astrocyte or microglia) was involved in cystitis-associated pain, we tested the expression of their markers (GFAP and OX42/Iba1, respectively) in the spinal cord and the influence of their inhibitors (LAA and minocycline, respectively) on mechanical allodynia in CYP-treated rats. Here, we found that GFAP rather than OX42/Iba1 or P-P38 was significantly increased in the spinal cord of CYP-treated rats, LAA but not minocycline significantly attenuated the allodynia, which indicated that astrocytic activation but not microglial activation contributed to the allodynia in CYP-treated rats. To the best of our knowledge, this study is the first to use the astrocytic specific inhibitor LAA to attenuate the cystitis-associated pain. Similar to our findings, several studies report that it is spinal astrocytic activation but no microglial activation involved in pain pathogenesis in animal models.^[@bibr20-1744806916674479],[@bibr25-1744806916674479],[@bibr45-1744806916674479][@bibr46-1744806916674479][@bibr47-1744806916674479]--[@bibr48-1744806916674479]^ Previous studies have documented that compared with microglia contributing to the initiation of chronic pain, while astrocytes may response more to the maintenance of chronic pain.^[@bibr49-1744806916674479],[@bibr50-1744806916674479]^

Under physiological condition, astrocytes do not or only release very low level of neuroexcitatory substances. However, under pathological condition, activated astrocytes release numerous proinflammatory cytokines.^[@bibr51-1744806916674479]^ Several researches have strongly identified spinal cord glia and cytokines, such as IL-1β and tumor necrosis factor-α, as key factors in the induction and maintenance of neuropathic pain.^[@bibr14-1744806916674479],[@bibr15-1744806916674479]^ Among these cytokines, IL-1β has become the research focus.^[@bibr52-1744806916674479],[@bibr53-1744806916674479]^ We found that spinal IL-1β expression was significantly increased in CYP-treated rats compared to control group. Activated astrocytes were the only source of IL-1β release, which contributed to cystitis-associated mechanical allodynia. In support of our findings, several studies also reported selective localization of increased IL-1β in spinal astrocytes in bone cancer pain model,^[@bibr54-1744806916674479]^ diabetic neuropathic pain,^[@bibr47-1744806916674479]^ chemotherapy-induced neuropathic pain model,^[@bibr48-1744806916674479]^ and complete Freunds adjuvant-induced inflammatory pain model.^[@bibr55-1744806916674479]^

Several studies showed that IL-1β signaling may facilitate NR phosphorylation to enhance neuronal activity.^[@bibr10-1744806916674479],[@bibr31-1744806916674479]^ It is generally believed that NR, a glutamate receptor localized on neurons, plays a crucial role in neuropathic pain.^[@bibr17-1744806916674479],[@bibr18-1744806916674479]^ Functional NRs are heteromeric complexes including the NR1 subunit and one or more of the NR2A-D subunits,^[@bibr56-1744806916674479]^ and all functional NMDARs include at least one NR1 subunit and NR1 is required for receptor activity.^[@bibr57-1744806916674479]^ Additionally, the phosphorylation of NR1 subunit in the spinal dorsal horn neurons is strongly correlated with induction and maintenance of chronic pain.^[@bibr58-1744806916674479],[@bibr59-1744806916674479]^ Herein, we found that spinal P-NR1 was significantly increased in CYP-treated rats compared to control group and intrathecally administered LAA, pentoxifylline, or IL-1ra reversed its overexpression. Furthermore, intrathecal injection of NR antagonist such as AP5 or MK-801 significantly attenuated cystitis-induced pain. Besides, the time course of the upregulation of P-NR1 paralleled to that of IL-1β or GFAP. Therefore, the above results indicated that spinal-activated astrocytes significantly increased the expression of IL-1β which induced NR phosphorylation in spinal neurons, leading to neuronal hyperexcitability and pathological pain.

In order to explore how IL-1β contributes to the NR phosphrylation, we examined the expression of IL-1 receptor (IL-1R) in the spinal cord via immunofluorescent staining. IL-1R is the endogenous receptor for IL-1β. IL-1R contains two subtypes: the type I IL-1R (IL-1RI) and the type II IL-1R (IL-1RII). IL-1RI is a transmembrane molecule that is responsible for IL-1b signaling, whereas IL-1RII lacks an intracellular domain and is incapable of signal transduction.^[@bibr60-1744806916674479]^ Here, we found that IL-1RI-immunoreactivity was only localized in spinal neurons in CYP-treated rats. Interestingly, our double immunostaining showed that the IL-1RI was co-localized with P-NR1 in this study, which strongly supported a close interaction of IL-1β signaling with neuronal NR. Thus, it was hypothesized that IL-1β released from astrocytes might bind to its endogenous receptor on neurons inducing phosphorylation of NR1 subunit, leading to nociceptive neuronal excitability and pathological pain. In support of our findings, a previous study showed that phosphorylation of the NR1 was attenuated by LAA in spinal nerve ligation-induced neuropathic pain model.^[@bibr61-1744806916674479]^ Besides, several previous studies reported that IL-1ra blocked the phosphorylation of the NR1 in inflammatory pain models,^[@bibr10-1744806916674479],[@bibr28-1744806916674479]^ diabetic neuropathic pain model,^[@bibr47-1744806916674479]^ and chemotherapy-induced neuropathic pain model.^[@bibr48-1744806916674479]^ Taken together, the above results indicated that spinal-activated astrocytes dramatically increased the expression of IL-1β which binds to IL-1RI to induce NMDA receptor phosphorylation in spinal neurons, leading to enhanced neural excitability and pathological pain.

Conclusions {#sec15-1744806916674479}
===========

Our results were the first to provide evidence that LAA (astrocytic specific inhibitor) but not minocycline (microglial specific inhibitor) exerted analgesic effects in CYP-indued cystitis. Our data suggested that "Astrocyte- IL-1β- NMDAR-Neuron" pathway might be the underlying molecular mechanisms for the role of astrocytic activation in cystitis-induced pain. These findings suggest that spinal astrocytic inhibition may be a novel strategy for treating cystitis-induced pain.
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